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I. INTRODUCTION 
This  document i s  t h e  summary r e p o r t  of  a program e n t i t l e d  
"Experiments t o  E s t a b l i s h  Current-Carrying Capaci ty  of Thermionic- 
Emi t t ing  Cathodes,"  Cont rac t  NAS 2-3379, and summarizes t h e  
e f f o r t s  under t h i s  c o n t r a c t  by Space Systems Div i s ion ,  Avco Corpora- 
t i o n  f o r  t h e  per iod  11 January  1966 through 30 January  1967. 
A.  PROGRAM OBJECTIVES 
The primary o b j e c t i v e  of t h e  p r e s e n t  program has been t h a t  
of o b t a i n i n g  d a t a  on t h e  cu r ren t - ca r ry ing  c a p a b i l i t y  of  t h e r m i -  
o n i c  cathodes i n  a n i t r o g e n  atmozphere a t  p r e s s u r e  l e v e l s  above 
1 atmosphere. The exper imenta l  program has cons i s t ed  of de t e r -  
mining t h e  maximum p r e s s u r e  l e v e l  a t  which thermionic  cathodes 
of d i f f e r e n t  s i z e s ,  shapes and compositions may be opera ted  a t  
f i xed  c u r r e n t  l e v e l s  b e f o r e  c a t a s t r o p h i c  e r o s i o n  of t h e  cathode 
m a t e r i a l  begins .  
B. PROGRAM ORGANIZATION 
The program o r i g i n a t e d  from t h e  Magnetoplasmadynamic Branch 
of t h e  NASA A m e s  Research C e n t e r .  M r .  C. Shepard was P r o j e c t  
Manager f o r  t h e  Magnetoplasmadynamic Branch. Dr. A .  Tuchman 
was P r o j e c t  Manager a t  Avco/Space Systems Divis ion  (Avco/SSD) , 
and M r .  G. Enos was P r o j e c t  Engineer. The p r i n c i p a l  Avco/SSD 
p a r t i c i p a n t s  and t h e  a r e a s  i n  which t h e y  con t r ibu ted  are: 
D r .  Tuchman and M r .  Enos, F a c i l i t y  development; M r .  Enos, M r .  R .  
Krauss and M r .  C. Simard, Data A c q u i s i t i o n ;  D r .  Tuchman and 
M r .  Enos, Data Ana lys i s ;  and M r .  T, S t u r i a l e ,  M a t e r i a l s  
F a b r i c a t  ion.  
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C, TECHNICAL SUMMARY 
During t h e  i n i t i a l  phase of  t h i s  program, experiments  w e r e  
performed wi th  t h e  g o a l  of de te rmining  t h e  m a x i m u m  s t e a d y - s t a t e  
c u r r e n t  which can be carried by c o n i c a l  ca thodes ,  a s  a f u n c t i o n  
of ambient n i t r o g e n  p res su re .  The most noteworthy r e s u l t  of 
t h e  i n i t i a l  tests w a s  t h e  obse rva t ion  of the  cathode e r o s i o n  
phenomenon. It w a s  found t h a t  f o r  each f i x e d  n i t r o g e n  p r e s s u r e  
l e v e l ,  some cathode e r o s i o n  w a s  seen.  A s  each new (h ighe r )  
c u r r e n t  l e v e l  was set ,  m a t e r i a l  w a s  cont inuous ly  l o s t  from t h e  
cathode f o r  some i n i t i a l  t i m e  pe r iod ,  a new cathode t i p  d i a m e t e r  
w a s  e s t a b l i s h e d  by t h e  discharge,  and t h e  cathode then  opera ted  
i n  a s t e a d y - s t a t e  o r  equ i l ib r ium c o n d i t i o n ,  N o  f u r t h e r  e r o s i o n  
was seen t h e r e a f t e r  f o r  cont inued o p e r a t i o n  a t  t h e  same, o r  
lower,  c u r r e n t  and/or pressure l e v e l s .  This  process  was repea ted  
u n t i l  some " c r i t i c a l "  o p e r a t i n g  c u r r e n t  ( o r  p r e s s u r e )  A t  
c u r r e n t s  ( o r  p r e s s u r e s )  above t h i s  c r i t i c a l  l e v e l ,  t h e  m a t e r i a l  
l o s s  cont inued a t  a r a p i d  r a t e ,  reducing,  i n  some tes ts ,  t h e  
t o t a l  cathode t i p  t h i c k n e s s  t o  t h e  o r d e r  of on ly  1/16-inch. 
A t  t h a t  p o i n t ,  t h e  a r c  w a s  i n t e n t i o n a l l y  ex t inguished  and t h e  
tes t  was culminated 
On t h e  basis of  t h e s e  f i r s t  obse rva t ions ,  t h e  exper imenta l  
program was reorganized  i n  such a f a sh ion  as t o  permit  t h e  
de t e rmina t ion  of t h e  m a x i m u m  p r e s s u r e  a t  which a given cathode 
can be opera ted  b e f o r e  t h e  o n s e t  of  c a t a s t r o p h i c  e r o s i o n ,  The 
s i g n i f i c a n t  r e s u l t s  of t h e  tes t  program are d i sp layed  as a graph 
of  t h i s  maximum p r e s s u r e  v e r s u s  t h e  c u r r e n t  l e v e l  of  o p e r a t i o n ,  
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. 
The m a j o r i t y  of tests w e r e  performed u t i l i z i n g  c o n i c a l  t i p  
ca thodes  w i t h  90° included ang le  a t  t h e  t i p ,  and of f i x e d  geometry, 
The ca thodes  w e r e  f a b r i c a t e d  from tungs ten  impregnated wi th  
t h r e e  d i f f e r e n t  m a t e r i a l s  t o  determine t h e  effects of t h e  
added m a t e r i a l  upon cathode performance, The m a t e r i a l s  used 
w e r e  thorium oxide ,  barium oxide ,  and b a r i u m  calcium a luminate ,  
A de t e rmina t ion  of t h e  effects of  s i z e  upon performance w a s  
made by comparing t h e  performance of t h o r i a t e d  t ips--al l  of  t h e  
same geometr ic  conf igura t ion- -wi th  d i ame te r s  of 1/4-6 1/2- 
and 1-inch. F i n a l l y ,  s e v e r a l  a t t empt s  w e r e  made t o  o p e r a t e  both  
cavi ty- type  and but ton- type  t i p s .  
S e v e r a l  u s e f u l  r e s u l t s  w e r e  ob ta ined  under t h e  program. 
F i r s t l y ,  and of greatest  importance,  t h e  a d d i t i o n  of b a r i u m  c a l -  
c i u m  a luminate  w a s  found t o  have a d e f i n i t e l y  b e n e f i c i a l  e f f e c t  
upon cathode performance: cathode performance was markedly 
improved over  t h a t  ob ta ined  wi th  t h e  o t h e r  m a t e r i a l s .  Secondly, 
t h e  u s e  of larger d iameter  cathode t i p s  d i d  not  always improve 
t h e  o p e r a t i n g  c h a r a c t e r i s t i c s  of ca thodes .  For t h e  f i x e d  
geometr ica l  c o n f i g u r a t i o n s  employed i n  t h i s  program it was found 
t h a t  f o u r  1/4-inch d iameter  cathode t i p s  w i l l  c a r r y  m o r e  t han  
a s i n g l e  1/2-inch t i p  (same c r o s s - s e c t i o n a l  a r e a )  I b u t  t h a t  
a 1/2-inch t i p  can c a r r y  more c u r r e n t  t han  a 1-inch t i p  f o r  
c e r t a i n  o p e r a t i n g  c o n d i t i o n s .  
-3- 
I ? .  
11. FACILITY 
A .  CONFIGURATION 
A t y p i c a l  cathode t i p ,  adap to r  and h o l d e r  a r e  schemat i ca l ly  
shown i n  f i g u r e  1. 
g i n a l l y  developed f o r  an arc technology program which was 
b e i n g  c a r r i e d  ou t  a t  t h e  i n c e p t i o n  of t h e  p r e s e n t  program. 
The complete cathode u n i t  shown was o r i -  
The 
copper h o l d e r  c o n s i s t s  e s s e n t i a l l y  of two c o n c e n t r i c  t u b e s  
f o r  c o o l a n t  flow. An i n t e r m e d i a t e  copper p i e c e  ( adap to r  p lug)  
i s  brazed bo th  t o  t h e  h o l d e r  and t h e  tungs t en  t i p ,  and i s  u s e d  
t o  prevent  c o o l a n t  water  from impinging d i r e c t l y  upon t h e  tung- 
s t e n  cathode t i p .  The cathode holder-copper  p lug  bond i s  made 
wi th  s i l v e r  s o l d e r :  t h e  copper a d a p t o r  p lug- tungs ten  t i p  j o i n t  
i s  made by a gold b raze .  The f a b r i c a t i o n  procedure i s  a s  fo l lows:  
1. The copper a d a p t o r  p lug ,  which i s  made from a s e c t i o n  
of s l i g h t l y  ove r s i zed  d iameter  copper rod,  i s  machined on one 
edge and gold brazed t o  t h e  tungs t en  t i p o  Because of t h e  
extremely sma l l  d i f f e r e n c e  between t h e  gold b r a z e  tempera ture  
and t h e  copper tempera ture ,  t h e  copper t e n d s  t o  “ s a g ”  somewhat 
du r ing  t h e  b r a z i n g  o p e r a t i o n .  It i s  t h e n  machined on t h e  f a c e  
t o  be jo ined  t o  t h e  h o l d e r .  
2 .  A s i l v e r  s o l d e r  j o i n t  i s  made a t  t h e  copper-copper, 
h o l d e r  t o  p lug  j o i n t .  
3. The  ove r s i zed  adap to r  p lug  i s  machined t o  an o u t s i d e  

























4, EAch t i m e  a t i p  replacement i s  d e s i r e d ,  t h e  s i l v e r  
s o l d e r  j o i n t  i s  broken and a new t i p - p l u g  combination i s  s i l v e r  
bonded t o  t h e  h o l d e r ,  
The tungs ten- t ipped  cathode shown i n  f i g u r e  1 has  an OD 
of 1/2-inches and i s  approximately 11 l/2-inches long. S i m i -  
l a r  ca thodes  have been f a b r i c a t e d  i n  s i z e s  of l/$-inch OD 
and 1-inch OD and have been s u c c e s s f u l l y  used f o r  t h e  p r e s e n t  
program 
The mounting of t h e  cathodes w i t h i n  t h e  tes t  f a c i l i t y  i s  
i n d i c a t e d  i n  t h e  schematic  diagram of t h e  f a c i l i t y  shown i n  
f i g u r e  2 ,  The cathode i s  d r i v e n  i n t o  and o u t  of t h e  f a c i l i t y  
by an e lec t r ic  motor so  a s  t o  permit  i n i t i a t i o n  of t h e  e lectr i -  
ca l  d i s c h a r g e  a t  s m a l l  cathode-anode s e p a r a t i o n s  and t h e  s u b s e -  
quent  withdrawal of t h e  cathode t i p  t o  a p o s i t i o n  i n  l i n e  w i t h  
t h e  viewing p o r t .  S t a r t i n g  i s  accomplished a t  low pressure--  
Paschen B s  law breakdown--and t h e  p r e s s u r e  i s  r a i s e d  a f t e r  t h e  
cathode t i p  i s  i n  i t s  f i n a l  p o s i t i o n ,  
The f a c i l i t y  has  been opera ted  a t  c u r r e n t s  i n  t h e  range of 
100 t o  1500 amperes and a t  chamber p r e s s u r e s  of from 1 t o  30 
atmospheres. It c o n s i s t s  of f o u r  d i s t i n c t  s e c t i o n s ,  a l l  water  
cooled and e l e c t r i c a l l y  i n s u l a t e 2  from one ano the r ,  A magnetic 
f i e l d  i s  used t o  ma in ta in  a c o n s t a n t  s w i r l  of t h e  a r c  a t t a e h -  
ment on t h e  anode, 
* T h e  anode s e c t i o n  c o n s i s t s  of a 
and c o n s t r i c t o r .  The anode housing 
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w a t e r  cooled copper 









copper  magnet wound on i t s  d iameter ,  This  magnet i s  powered 
by a 30 k w  M i l l e r  power supply and w a s  opera ted  a t  a c o n s t a n t  
c u r r e n t a  provid ing  a c o n s t a n t  f i e l d  s t r e n g t h  f o r  a l l  tests,  
The downstream s i d e  of  t h e  c o n s t r i c t o r  i s  run i n t o  a water  
cooled b a f f l e  (no t  shown i n  f i g u r e  2 )  and a flow c o n t r o l  
va lve ,  This  pe rmi t s  o p e r a t i o n  of t h e  arc  a t  h igh  chamber 
p r e s s u r e s  w i t h  a minimum of  mass f low,  
The gas  i n j e c t o r  s e c t i o n  i s  loca ted  upstream of t h e  anode 
and i s  e l e c t r i c a l l y  i n s u l a t e d  from it by a mica r t a  space r  and 
a boron n i t r i d e  l i n e r .  I n j e c t i o n  of t h e  gas  i s  through e i g h t  
c y l i n d r i c a l  p o r t s  t angen t  t o  t h e  i n s i d e  d iameter  of t h e  housing 
and normal t o  t h e  engine a x i s ,  These i n l e t s  are loca ted  approxi-  
mately two i n c h e s  downstream of  t h e  cathode t i p  so t h a t  t h e  
gas  impingement upon t h e  cathode i s  minimized, 
The viewing s e c t i o n  is  a l s o  i n s u l a t e d  from t h e  gas  i n j e c t o r  
by a m i c a r t a  s p a c e r ,  The viewing p o r t  i s  pos i t i oned  so t h a t  
v i s u a l  obse rva t ions  of t h e  cathode t i p  may be made a t  any t i m e  
du r ing  t h e  t es t .  A camera l e n s  ( n o t  shown i n  f i g u r e  2)  i s  
mounted i n  l i n e  w i t h  t h e  viewing p o r t  and t h e  cathode t i p  and 
is used f o r  t h e  magn i f i ca t ion  and p r o j e c t i o n  of t h e  cathode t i p  
image onto  a sc reen  where a d e t a i l e d  s tudy  may be made, Chamber 
p r e s s u r e s  a r e  monitored through a t a p  loca ted  i n  t h e  viewing 
p o r t  housing,  
A l l  s e c t i o n s  of  t h e  arc f a c i l i t y  are  made gas  and water  
t i g h t  by t h e  u s e  of O-rings and i n s u l a t i n g  p i e c e s ,  The v a r i o u s  
g a s  and w a t e r  i n l e t s  and o u t l e t s  are  me te red  wi th  flow gauges,  
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p r e s s u r e  gauges and me te r ing  v a l v e s  which are  used t o  c o n t r o l  
p r e s s u r e  and m a s s  f l o w  r a t e  i n  t h e  arc. The cathode c o o l i n g  
water  i s  monitored f o r  bo th  flow ra te  and temperature  rise. 
Power f o r  t h e  a r c  i s  supp l i ed  by two, l/a-megawatt Perk in  
Power Supp l i e s ,  Each of t h e s e  r e c t i f i e r s  may be opera ted  a t  
2000, 1000 o r  500 amperes and 250, 500 o r  1000 v o l t s ,  r e s p e c t i v e l y ,  
and may a l s o  be connected i n  series o r  p a r a l l e l ,  as  d e s i r e d .  
F igu re  3 and 4 show photographs of t h e  a r c  tes t  f a c i l i t y ,  
F i g u r e  3 shows t h e  cathode d r i v i n g  mechanism (notched s h a f t  
on r i g h t  s i d e  of  photograph) ,  t h e  d r i v i n g  motor,  t h e  viewing 
p o r t ,  w a t e r  and e l e c t r i c a l  l i n e s ,  and t h e  p r o j e c t i o n  l e n s  
mounted on a moveable s l i d e .  F igu re  4 shows a close-up view 
of t h e  viewing p o r t  and p r o j e c t i o n  l e n s  system, The e x i t  
b a f f l e  may be seen a t  t h e  extreme l e f t  s i d e  of t h e  photograph 
(water  cooled copper t u b e ) .  
B. INSTRUMENTATION 
The v a r i o u s  t e s t  and measurement equipments which a r e  used 
t o  determine t h e  performance of  t h e  a r c  tes t  f a c i l i t y  a r e :  
1) t h e  magnifying l e n s ,  2 )  
3) c u r r e n t  and v o l t  m e t e r s ,  
~ more f u l l y  desc r ibed  below: 
1) Maqnifying l e n s  
The magnifying l e n s  
tempera ture  m e a s u r i n g  thermocouples,  
4) p r e s s u r e  gauges. These a r e  
was a Wollensak 8-inch, f /5.6 
t e l e p h o t o  l e n s .  The l e n s  was mounted i n  l i n e  wi th  t h e  viewing 
p o r t  and t h e  cathode,  and w a s  used t o  p r o j e c t  and magnify t h e  
image of t h e  cathode t i p  onto  a d a t a  s h e e t  where a d e t a i l e d  
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Figure 3: Photograph of Arc Facility 
Figure 4: Photograph of A r c  Facility 
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Y 
examination of t h e  cathode shape could be recorded.  The image 
of  t h e  cathode w a s  magnified by approximately a f a c t o r  of 2 2 .  
4 
Thus, an inaccuracy  of as  much a s  1/4-inch i n  any given measure- 
ment upon t h e  d a t a  s h e e t  (an e x t r a o r d i n a r i l y  l a r g e  inaccuracy)  
would r e p r e s e n t  an inaccuracy  of only of  t h e  o r d e r  of  10-mils 
on t h e  a c t u a l  cathode.  F igu re  5 shows a schematic diagram 
of t h e  o p t i c a l  system. 
2 )  Thermocouples 
I n  o r d e r  to a c c u r a t e l y  determine t h e  e f f e c t i v e  v o l t a g e  
drop  a t  t h e  cathode,  t h e  power d i s s i p a t e d  i n  h e a t i n g  t h e  cathode 
i s  measured. The tempera ture  r ise  of t h e  cathode coo l ing  w a t e r  
i s  measured by a d i f f e r e n t i a l  Iron-Constantan thermocouple 
provid ing  an ou tpu t  s i g n a l  of 100 vV/OC, and recorded on a 
Leeds and Northrup poten t iometer  wi th  g r e a t e r  t han  1 pV 
accuracy.  The tempera ture  d i f f e r e n c e  between w a t e r  i n l e t  and 
water  o u t l e t  i s  converted t o  h e a t  power when combined wi th  t h e  
measured r a t e  of  water  flow through t h e  e l e c t r o d e .  
3 )  Cur ren t ,  Vol tage ,  and Flow R a t e  
A r c  and c o i l  c u r r e n t  measurements a r e  made wi th  p r e c i s i o n  
50 M5.7 shunt  resistors and p r e c i s i o n  d c  m i l l i v o l t m e t e r s .  The 
m i l l i v o l t m e t e r s  a r e  f a b r i c a t e d  by Assembly Products  and t h e  
combination has  a least  count  of  2 amperes and an u n c e r t a i n t y  
of 1/2% of  f u l l  s c a l e .  The a r c  v o l t a g e  i s  measured wi th  a 
p r e c i s i o n  dc vo l tme te r .  The w a t e r  f low rates  a r e  measured 
us ing  s t anda rd  F i she r -Por t e r  l i q u i d  flowmeters wi th  2% of f u l l  
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4) Pressure Gauqes 
4 The arc  chamber pressure i s  measured w i t h  a panel of 
Ashcroft Dura-gauge m e t e r s .  The ranges covered by these gauges 
a re  0-60 psig,  0-100 psig and 0-300 psig. These gauges have 
accuracies of 1/4% of f u l l  sca le  and l e a s t  counts of - 2 ,  * 5 ,  
and 1 psig,  respectively,  A 0-20 mm Hg gauge manufactured by 
Wallace and Tiernan i s  used to monitor the chamber pressure 
before t h e  a rc  i s  s t a r t e d ,  
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A. MATERIALS 
111, TECHNICAL PROGRAM 
The de te rmina t ion  of t h e  e f f e c t s  of m a t e r i a l  upon t h e  c u r r e n t -  
c a r r y i n g  performance of thermionic-emi t t ing  ca thodes  w a s  carried 
o u t  u s i n g  t h r e e  impregnated-tungsten mater ia ls ,  The t h r e e  
mater ia ls ,  which i n  t h e  remainder of t h i s  r e p o r t  w i l l  be c a l l e d  
t h o r i a t e d - ,  barium oxided-, and barium calcium aluminated- 
t ungs t en ,  r e s p e c t i v e l y ,  had t h e  fo l lowing  composi t ions,  
1) Thoriated-Tunqsten 
Tungsten p l u s  2 pe rcen t  by volume thorium oxide,  wi th  
a d e n s i t y  of a t  l e a s t  99% of t h e  t h e o r e t i c a l  d e n s i t y  of t h e  
composite m a t e r i a l .  T h i s  m a t e r i a l  was purchased f o r  u s e  i n  
t h i s  program from b o t h  Sylvania  E lec t r ic  Products  Co, and 
General  E lec t r i c  Co. T e s t s  w e r e  performed t o  determine i f  
d i f f e r e n c e s  i n  cathode performance r e s u l t i n g  from t h e  u s e  of 
t h e  d i f f e r e n t  s u p p l i e r s .  
2 )  Barium C a l c i u m  Aluminated -Tungs t e n  
This  m a t e r i a l  w a s  composed of t ungs t en  impregnated 
wi th  b a r i u m  calcium aluminate., The m a t e r i a l  was purchased 
from Semicon A s s o c i a t e s  of Lexington,  Kentucky, and w a s  
f a b r i c a t e d  by i n f i l t r a t i n g  b a r i u m  c a l c i u m  a luminate  i n t o  80% 
dense tungs t en  b i l l e t s  t o  achieve  a minimum weight pickup of 
5%, w i t h  a uniform d i s p e r s i o n  of t h e  a d d i t i v e .  The b i l l e t s  
have been eva lua ted  a t  Avco/SSD and have been determined t o  
c o n t a i n  a uniform d i s p e r s i o n  of t h e  i n f i l t r a n t ,  The m a t e r i a l  
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obta ined  by t h e  p rocess  o u t l i n e d  c o n t a i n s  between 19 and 20% 
by volume of barium calcium a luminate ,  and has  a d e n s i t y  of 4 
a t  l e a s t  98,5% of t h e  t h e o r e t i c a l  composite d e n s i t y  of a 
uniform d i s p e r s i o n  of t h e  (3Ba0) (A1203)  (BaO) (ca0) e 
3) B a r i u m  Oxided-Tungsten 
The f a b r i c a t i o n  of t h i s  m a t e r i a l  was done a t  Avco, 
F ive  a t t empt s  have been made u t i l i z i n g  b o t h  ho t  p r e s s i n g ,  and 
co ld  p r e s s i n g  and s i n t e r i n g  t echn iques ,  The f i r s t  a t t empt  a t  
ho t  p r e s s i n g  a 5 v/o BaO - 95 v/o W mixture  was conducted 
a t  t o o  high a tempera ture  r e s u l t i n g  i n  l o s s  of  BaO through 
me l t ing  and evapora t ion ,  During t h e  h o t  p r e s s i n g  o p e r a t i o n ,  
t h e  BaO w a s  forced  o u t  of t h e  tungs t en  m a t r i x  y i e l d i n g  a porous 
tungs t en  ma t r ix .  
I n  o r d e r  t o  a c c e l e r a t e  t h e  d e n s i f i c a t i o n  p rocess  and 
' ,  
permit  Power f a b r i c a t i o n  tempera tures ,  a smal l  amount of 
n i c k e l  ( .75 w/o) was,added t o  act  as  a s i n t e r i n g  a i d .  Hydrated 
n i cke lous  n i t r a t e  (Ni(N03)-6H20) w a s  d i s s o l v e d s i n  w a t e r  and 
6-8 micron tungs t en  powder was added t o  form a s l u r r y .  A f t e r  
d r y i n g  t h e  mixture ,  t h e  n i c k e l  compound was decomposed t o  
n i c k e l  i n  a hydrogen atmosphere a t  500OCli. 
and t h e  mixture  was d r y  ba l l -mi l l ed  f o r  4 hours ,  This  m a t e r i a l  
was then  ho t  pressed  a t  l415OC and 4000 p s i  t o  y i e l d  a b i l l e t  
of 96% of t h e  t h e o r e t i c a l  composite d e n s i t y .  A s  i s  shown i n  
f i g u r e  6 and 7 ,  t h e  BaO p a r t i c l e s  a r e  uniformly d i spe r sed  
throughout  t h e  tungs t en  ma t r ix .  An a t t empt  a t  co ld  p r e s s i n g  
BaO was then  added 
-15- 
Figure  6: Mag. 5 0 0 X  
Unetched 
Figure  7 : Mag. 500X 
Etched 
BaO p a r t i c l e s  uniformly 
d i s p e r s e d  i n  h o t  pressed 
W Matr ix  
Composite 96% dense 
Relative p o s i t i o n  of 
BaO particles wi th  r e s p e c t  
t o  g r a i n  boundaries.  D i s -  
l o c a t i o n  e t c h  p i t s  ev iden t  
i n  f avorab ly  pos i t i oned  
t u n g s t e n  g r a i n s  .) 
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( a t  50,000 p s i )  and s i n t e r i n g  ( a t  l7OO0C) one-half i nch  
d iameter  p e l l e t s  y i e l d e d  a d e n s i t y  of 92% of t h e  t h e o r e t i c a l  
composite d e n s i t y  (see f i g u r e  8 ) .  
The same procedure was u t i l i z e d  u s i n g  1 micron tungs t en  
powder, t h a t  i s ,  b o t h  ho t  p r e s s i n g  and co ld  p r e s s i n g  and 
s i n t e r i n g .  However, a d e n s i t y  of on ly  85,5% was obta ined  by  
ho t  pressing and t h e  b i l l e t  was e x t e n s i v e l y  cracked (see 
f i g u r e  9 ) m  The r e s u l t s  w e r e  somewhat be t te r  u s i n g  t h e  co ld  
p r e s s i n g  and s i n t e r i n g  technique  (91.5% dense)  a l though it 
was necessary  t o  u s e  a v e r y  c a r e f u l l y  c o n t r o l l e d  time-tempera- 
t u r e  c y c l e  t o  i n h i b i t  t h e  c rack ing  and reduce it t o  a m i n i m u m  
(see f i g u r e  10) 
Two o t h e r  a t t e m p t s  w e r e  made u s i n g  b o t h  ho t  p r e s s i n g ,  
and co ld  p r e s s i n g  and s i n t e r i n g  of 5 volume % BaO,  Oo75 
weight % Ni, wi th  tungs t en  powder, Both a 75%-4 micron, 
25%-1 micron and 80%-4 micron, 20%-l micron tungs t en  powder 
m i x  w e r e  t r i e d ,  Each of t h e s e  a t t empt s  r e s u l t e d  i n  a sample 
of less than  95% of t h e o r e t i c a l  d e n s i t y ,  
A 1 1/4-inch t h i c k ,  5-inch square  p l a t e  of barium oxided- 
tungs t en  was f a b r i c a t e d  us ing  0,25 w/o n i cke l ,  95 v/o tungs ten  
i n  a 6 , 8  micron average s i z e  powder form, and 5 vpo barium 
oxide ,  The procedure followed w a s  t h e  f i r s t  desc r ibed  above, 
t h a t  i s ,  a s l u r r y  w a s  formed and d r i e d ,  t h e  n i c k e l  compared 
was decomposed a t  500°C i n  a hydrogen atmosphere, t h e  barium 
oxide  w a s  added and t h e  m a t e r i a l  was h o t  pressed  a t  14l5OC 
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F i g u r e  9: Mag, 500X 
Unetched 
Uniform d i spe r s ion  of BaO 
p a r t i c l e s  i n  h o t  pressed W 
matrix.  Note crack i n  
lower r ight  corner  and 
a n g u l a r i t y  of BaO p a r t i c l e s .  
.- 
Figure 8: Mag. 500% 
Unetched 
Uniform d i spe r s ion  of R a G  
particles i n  cold pressed 
and s i n t e r e d  W matr ix .  
Note i n c r e a s e  i n  BaO p a r t i -  
cle s i z e  due t o  agglomera- 
t.ion a t  higher temperatures 
and longer  t i m e s ,  
F igu re  10: M a g .  500X 
Unetched 
BaO p a r t i c l e s  i n  cold 
pressed and s i n t e r e d  W 
matr ix .  Note nonuniform 
s i z e  of BaO p a r t i c l e s .  
Larger particles d u e  t o  
agglomeration of BaC a t  
higher temperatures and 
longer  times during 
s i n t e r i n g ,  
S 
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a t  4000 p s i .  The d e n s i t y  obta ined  was 94.8% of t h e o r e t i c a l  
composite d e n s i t y .  It i s  no t  e n t i r e l y  c lear  why t h e  d e n s i t y  B 
a t t a i n e d  was below t h e  95% a t t a i n e d  i n  t h e  f i r s t  t e s t ,  b u t  
it i s  be l i eved  t h a t  t h i s  was due t o  t h e  g r e a t l y  increased  
sample s i z e ,  
The p l a t e  was c u t  i n t o  1-inch squa res  f o r  machining i n t o  
cathode t i p s ,  The squa res  w e r e  then  r e s i n t e r e d  i n  an a t tempt  
t o  i n c r e a s e  t h e  mater ia l  d e n s i t y .  This  process  d i d  no t  s i g -  
n i f i c a n t l y  i n c r e a s e  t h e  mater ia l  d e n s i t y ,  The f i n a l  d e n s i t y  
of  t h e  m a t e r i a l  used f o r  t h e  cathode program was 95.3% of 
t h e  t h e o r e t i c a l  composite m a t e r i a l  d e n s i t y ,  
B. TEST RESULTS--PRESSURE 
1. E f f e c t  of  Cathode M a t e r i a l  
Each of  t h e  t h r e e  composites d i scussed  above was 
f a b r i c a t e d  i n t o  cone-cyl inders .  The c y l i n d r i c a l  p o r t i o n  
had a d iameter  of l /2- inch,  t h e  c o n i c a l  t i p  had an included 
angle  of 90° and was rounded a t  t h e  t i p  t o  a 30 m i l  r a d i u s .  
The l eng th  of t h e  c y l i n d r i c a l  p o r t i o n  was 1/2-inch, r e s u l t i n g  
i n  an o v e r a l l  t i p  l e n g t h  of  j u s t  under 3/4-inch, The t i p s  
w e r e  t hen  brazed t o  copper p lugs  and copper  h o l d e r s  a s  des-  
c r i b e d  i n  s e c t i o n  II.A, above, F igure  11 shows a s c a l e  
drawing of a cathode t i p  and i t s  a d a p t e r  p lug ,  
For each m a t e r i a l ,  t h e  arc f a c i l i t y  was opera ted  a t  
f i xed  c u r r e n t  l e v e l s  i n  t h e  100-500 ampere range,  and t h e  





























A t  each set  of c u r r e n t  and p r e s s u r e  v a l u e s  of  o p e r a t i o n ,  t h e  
arc  was permi t ted  t o  o p e r a t e  u n t i l  it reached complete 
equ i l ib r ium and t h e  r e s u l t i n g  e q u i l i b r i u m  cathode t i p  shape 
was recorded ,  by hand ske tch  and o c c a s i o n a l l y  by photograph, 
upon t h e  d a t a  s h e e t .  The r eco rd ing  p rocess  has  been desc r ibed  
above. 
F igu re  1 2  shows a t y p i c a l  d a t a  s h e e t  on which t h e  
equ i l ib r ium cathode shapes f o r  each pressure l e v e l  have been  
recorded.  The cathode image on an o r i g i n a l  d a t a  s h e e t  i s  
approximately 2 2  t i m e s  l i f e - s i z e .  F igu res  13 ,  14,  15 and 16 
show consecu t ive ,  ch rono log ica l  photographs of t h e  d a t a  s h e e t  
taken  d u r i n g  a r c  o p e r a t i o n .  The cathode e r o s i o n  i s  r e a d i l y  
seen i n  t h i s  series. 
The recorded e q u i l i b r i u m  cathode dimensions w e r e  
t r a n s c r i b e d  from t h e  magnified ske tch  and a p l o t  of equ i l ib r ium 
cathode t i p  d iameter  v e r s u s  chamber p r e s s u r e  was made f o r  
each o p e r a t i n g  c u r r e n t .  It i s  t o  be recognized t h a t  t h e  maximum 
t i p  d iameter  i s  l i m i t e d  t o  l /2- inch;  a t  t h e  1/2-inch cone 
d i ame te r  t h e  c o n i c a l  p o r t i o n  of t h e  t i p  j o i n s  i n t o  t h e  1/2-inch 
c y l i n d r i c a l  p o r t i o n  of t h e  t i p  (see f i g u r e  11)- Moreover, t h e  
t i p  d iameter  a t  any p o s i t i o n  a long  t h e  c o n i c a l  s e c t i o n  i s  
equa l  t o  e x a c t l y  t w i c e  t h e  a x i a l  t i p  l e n g t h  which has  been 
eroded away. This  l a s t  s ta tement  i s ,  of  cour se ,  due t o  t h e  
u s e  of cathode t i p s  wi th  . included a n g l e  a t  t h e  apex of 




Figure  13: Photograph of Cat’kiode Tip  D u r i n g  
Arc Opera t ion ,  4 0 0 A ,  3.5 p s i g  
F igure  14: Photograph of Cathode Tip  During 
Arc Opera t ion ,  4 0 0 A ,  15 p s i g  
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Figure  15: Photograph of Cathode Tip  During 
A r c  Operat ion,  4OOA, 30 p s i g  
F igure  16: Photograph of Cathode Tip  During 
A r c  Operat ion,  400A, 30 p s i g  
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Figure  17 shows t h e  equ i l ib r ium cathode d iameter  as  a 
func t ion  of chamber p r e s s u r e  f o r  l /2-inch t h o r i a t e d  tungs t en  
t i p s  opera ted  a t  v a r i o u s  c u r r e n t s  from 50 t o  500 amperes. 
Two of  t h e  curves  w e r e  ob ta ined  u s i n g  t h o r i a t e d  tungs t en  
obta ined  from G e n e r a l  E lec t r ic  Company; t h e s e  a r e  r ep resen ted  
by  t h e  f i l l e d  symbols on t h e  f i g u r e .  The open symbols r ep re -  
s e n t  t h e  d a t a  obta ined  us ing  t h e  m a t e r i a l  purchased from 
Sylvania  E l e c t r i c  Products  Company. Also shown i n  t h e  f i g u r e  
i s  a set of d a t a  obta ined  a t  an a r c  c u r r e n t  of  200 amperes 
us ing  u l t r a - h i g h  p u r i t y  n i t r o g e n  ar-. the ambient t e s t  gas. 
The f i g u r e  shows t h e  g e n e r a l  t r e n d s  followed by each 
of t h e  cathodes t e s t e d ,  A t  each o p e r a t i n g  a r c  c u r r e n t ,  t h e  
e q u i l i b r i u m  cathode d iameter  i nc reased  w i t h  an i n c r e a s e  i n  
chamber p r e s s u r e ,  u n t i l  some c r i t i c a l  p r e s s u r e  l e v e l  was 
reached. Beyond t h e  c r i t i c a l  p r e s s u r e  l e v e l ,  c a t a s t r o p h i c  
e r o s i o n  began and no equ i l ib r ium diameter  e x i s t e d ,  This  i s  
i n d i c a t e d  on t h e  f i g u r e  by t h e  s t e e p l y  r i s i n g  dashed p o r t i o n  
of each curve .  
N o  d i f f e r e n c e s  of major s i g n i f i c a n c e  a r e  seen between 
t h e  performance obta ined  w i t h  t h e  ca thodes  f a b r i c a t e d  from t h e  
m a t e r i a l s  ob ta ined  from t h e  d i f f e r e n t  s u p p l i e r s .  The u s e  of  
h igh  p u r i t y  n i t r o g e n  gas  a l s o  had no a p p r e c i a b l e  e f f e c t s  upon 
cathode performance. 
F igu res  18-22 show photographs of t ho r i a t ed -ca thodes  
a f t e r  completion of tests a t  c u r r e n t  l e v e l s  of 100, 200, 300, 
400 and 500 amperes, r e s p e c t i v e l y ,  The f l a t n e s s  of t h e  forward 





I I I 
rl . 
Figure  18: Photograph of Cathode T ip  A f t e r  
T e s t i n g ,  l O O A  
F i g u r e  19: Photograph of Cathode Tip  A f t e r  
T e s t i n g  200A 
-27- 
Figure  20: Photograph of Cathode Tip A f t e r  
Tes t ing ,  300A 
F igure  21: Photograph of Cathode Tip  A f t e r  
T e s t i n g ,  400A 
-28- 
8 
Figure  22: Photograph of Cathode T i p  A f t e r  
T e s t i n g ,  500A 
-29 -  
F i g u r e  2 3  p r e s e n t s  t h e  equ i l ib r ium cathode d iameter  
as  a f u n c t i o n  of chamber p r e s s u r e  f o r  l /2-inch barium oxided- 
t u n g s t e n ,  and f i g u r e  24 p r e s e n t s  s i m i l a r  d a t a  obta ined  wi th  
l /2-inch b a r i u m  calcium aluminated-tungsten.  
shown e x h i b i t  t h e  same g e n e r a l  t r e n d s  a s  t h o s e  obta ined  wi th  
tho r i a t ed - tungs ten  ca thodes  (see f i g u r e  17) 
The dependences 
The " c r i t i c a l "  pressure has  been d e f i n e d ,  f o r  t h e  sake  
of  s i m p l i c i t y  and e a s e  i n  d a t a  handl ing ,  a s  t h e  g r e a t e s t  
p r e s s u r e  a t  which an e q u i l i b r i u m  cathode d iameter  ex is t s ,  
This  maximum o p e r a t i n g  p r e s s u r e  could ,  a s  w e l l ,  have been 
def ined  i n  terms of t h e  p o s i t i o n  of t h e  knee s e e n  i n  most of  
t h e  cu rves ,  b u t ,  f o r  many of t h e  curves ,  t h e  ambiguity i n  
de te rmining  t h i s  " p o i n t "  i s  q u i t e  large,  and t h e  p r e s e n t  
d e f i n i t i o n  was t h e r e f o r e  u t i l i z e d ,  
The maximum chamber p r e s s u r e  w a s  determined from 
f i g u r e s  1 7 ,  23 and 24, above, f o r  each o p e r a t i n g  a r c  c u r r e n t ,  
The r e s u l t i n g  curves  of maximum chamber pressure v e r s u s  o p e r a t -  
i n g  c u r r e n t  a r e  shown i n  f i g u r e  25 f o r  t h e  t h r e e  m a t e r i a l s ,  
A t  an a r c  c u r r e n t  of 100 amperes, t h e  barium calcium aluminated-  
t ungs t en  ca thodes  w e r e  opera ted  a t  p r e s s u r e s  above 20 atmos- 
phe res  (-305 PSIA), as compared wi th  a maximum p r e s s u r e  of  
on ly  7 atmospheres f o r  t h e  tho r i a t ed -ca thodes  and 13 atmos- 
pheres  for  t h e  barium oxided-cathodes,  Re fe r r ing  aga in  t o  
f igu re  24, it may be seen t h a t  t h e  b a r i u m  c a l c i u m  aluminated- 
t ungs t en  ca thodes  a t  100 amperes never  e x h i b i t e d  c a t a s t r o p h i c  
e r o s i o n ,  even a t  20 atmospheres,  and t h a t  t h e  maximum p r e s s u r e  
-30- 
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shown on f i g u r e  25 i s  r e a l l y  a lower l i m i t  on t h e  a c t u a l  
v a l u e  of  t h e  maximum p r e s s u r e .  
A s  seen  from t h e  f i g u r e ,  a s  t h e  o p e r a t i n g  c u r r e n t  was 
i n c r e a s e d ,  t h e  r e l a t i v e  performance improvement obta ined  wi th  
t h e  b a r i u m  c a l c i u m  aluminated-cathodes w a s  reducedp b u t ,  a t  
l e a s t  up t o  500 amperes, s u p e r i o r  performance was always 
obta ined  w i t h  t h e  barium calcium aluminated-tungsten ca thodes  
than  w i t h  e i t h e r  of  t h e  o t h e r  two materials,  
Of t h e  t h r e e  m a t e r i a l s ,  t h e  b a r i u m  oxided tungs t en  
e x h i b i t e d  t h e  g r e a t e s t  " s c a t t e r "  i n  t h e  performance d a t a  
ob ta ined ,  p a r t i c u l a r l y  a t  t h e  lower c u r r e n t  o p e r a t i o n s ,  It 
a l s o  showed t h e  r a p i d  deg rada t ion  i n  performance a t  increased  
c u r r e n t  l e v e l s  and,  f o r  c u r r e n t s  above approximately 250 
amperes, d i d  no t  perform as  w e l l  as tho r i a t ed - tungs ten  ca thodes ,  
On t h e  basis of t h e  d a t a  shown i n  f i g u r e  25, t h e r e  i s  
l i t t l e  doubt t h a t  t h e  most advantageous ca thode  performance, 
a t  least  a t  a r c  c u r r e n t s  of up t o  500 amperes, i s  obta ined  
u s i n g  barium calcium aluminated-tungsten a s  t h e  cathode 
ma te r i a  1 (. 
2 ,  E f f e c t  of Cathode S i z e  
I n  o r d e r  t o  completely e v a l u a t e  t h e  e f f e c t s  of cathode 
s i z e  on c u r r e n t - c a r r y i n g  performance, t h e  geometry f o r  each 
cathode d iameter  should be v a r i e d  t o  opt imize  i t s  performance 
c h a r a c t e r i s t i c s .  This  would invo lve  va ry ing  bo th  t h e  l e n g t h  
of  t h e  c y l i n d r i c a l  p o r t i o n  of t h e  cathode and t h e  inc luded  
ang le  a t  i t s  t i p .  The p r e s e n t  program was l i m i t e d  t o  a s tudy  
-34- 
4 
of  t h e  e f f e c t s  of  ca thode  s i z e  f o r  a f i x e d  geomet r i ca l  c o n f i g u r a t i o n .  
Each cathode had a 90° included ang le  a t  i t s  t i p ,  and t h e  c y l i n d r i -  
b 
c a l  p o r t i o n  was f i x e d  t o  have a l eng th  e q u a l  t o  i t s  d iameter .  This  
had t h e  e f f e c t  of f i x i n g  t h e  o v e r a l l  cathode l e n g t h ,  from i t s  t i p  
t o  t h e  base of  i t s  c y l i n d r i c a l  p o r t i o n ,  t o  be 1 % t i m e s  a s  great 
as  i t s  d iameter  ( r e f e r  t o  f i g u r e  2 6 ) .  F igu re  27 shows a photo- 
graph of  t y p i c a l  ca thodes  of t h e  t h r e e  s i z e s ,  b e f o r e  t e s t i n g ,  
I n  o r d e r  t o  i n s u r e  t h a t  no o t h e r  e f f e c t s  w e r e  o p e r a t i n g  t o  
in t roduce  performance d i f f e r e n c e s ,  each of t h e  ca thodes  used f o r  
t h i s  p o r t i o n  of  t h e  program was f a b r i c a t e d  from tho r i a t ed - tungs ten .  
Three d i f f e r e n t  d i ame te r s  w e r e  used;  a l l  m a t e r i a l s  u t i l i z e d  f o r  t h i s  
p o r t i o n  of t h e  program w e r e  purchased from General E lec t r i c  C o .  and 
w e r e  t e s t e d  f o r  un i formi ty  of composition and d e n s i t y .  The dens i -  
t i e s  w e r e  found t o  va ry  from one p i e c e  of  m a t e r i a l  t o  t h e  next  by 
less tharl 3 p a r t s  per thousand ( t y p i c a l l y  19.01-19,05).  The theo re -  
t i c a l  d e n s i t y  of t h e  composite i s  19.21 (19.3 x .99 + 10 x -01) s o  
t h a t  each sample p i e c e  u t i l i z e d  had a d e n s i t y  of 99% of t h e  theo re -  
t i c a l  composite d e n s i t y .  F igu res  2 8 ,  29 and 30 p r e s e n t  t h e  p l o t s  
of equ i l ib r ium cathode d iameter  versus  chamber p r e s s u r e  obta ined  f o r  
t h e  %-inch, $-inch and 1-inch s i z e s ,  r e s p e c t i v e l y .  
The same d e f i n i t i o n  of maximum chamber p r e s s u r e  has  been 
employed t o  o b t a i n  t h e  curves  of  f i g u r e  31. The f i g u r e  p r e s e n t s  
t h e  maximum chamber p r e s s u r e  a t  which t h e  d i f f e r e n t  s i z e  ca thodes  
may be opera ted :  t h e  d i f f e r e n t  symbols r e p r e s e n t  t h e  d i f f e r e n t  
a r c  c u r r e n t  l e v e l s  of ope ra t ion .  
The most s t r i k i n g  f e a t u r e  of t h e  cu rves  shown i n  t h e  f i g u r e ,  
i s  t h e i r  apparent  maximum a t ,  o r  n e a r ,  t h e  $-inch cathode d iameter  
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f o r  each of  t h e  t h r e e  arc  c u r r e n t s .  The improved performance 
evidenced i n  t h e  i n c r e a s e  f r o m  a 1/4-inch t o  a l/2-inch d i ame te r  i s  
a n t i c i p a t e d  on t h e  basis of s imple c r o s s - s e c t i o n  arguments. The 
4 
i nc reased  c r o s s - s e c t i o n a l  a r e a  a v a i l a b l e  f o r  c u r r e n t  f l o w  and h e a t  
f l o w  from t h e  cathode t i p  t o  t h e  cooled back s u r f a c e  of t h e  cathode 
would suggest a lower t i p  tempera ture  and less e r o s i o n  a t  any g iven  
o p e r a t i n g  cond i t ion .  The same argument would suggest t h a t  i nc reased  
d i ame te r s  above some v a l u e  should have l i t t l e  o r  no b e n e f i c i a l  
e f fec t  upon performance, s i n c e  c o o l i n g  of t h e  t i p  b e l o w  m e l t i n g  
tempera ture  i s  a l l  t h a t  would be d e s i r a b l e .  The  i n c r e a s e  f r o m  
$-inch t o  1-inch d i a m e t e r  cou ld ,  by t h i s  argument, tend t o  over-  
cool t h e  t i p  and prevent  e f f i c i e n t  thermionic  emission.  
T h i s  o v e r s i m p l i f i c a t i o n  i s  not  proposed a s  an exp lana t ion  
f o r  t h e  observed phenomenon because there are ,  c l e a r l y  o t h e r  
mechanisms o p e r a t i n g  a s  w e l l .  Because of t h e  f i x e d  geometry used  4 
f o r  t h e  t es t s ,  t h e  inc reased  c r o s s - s e c t i o n a l  a r e a  is accompanied 
by both an inc reased  t i p  t o  cooled b a s e  l e n g t h ,  a s  w e l l  a s  an 
inc reased  s u r f a c e  a r e a  exposed t o  a r c  r a d i a t i o n .  Each of t h e s e  
effects would a c t  t o  oppose t h e  effects  of t h e  inc reased  cross- 
s e c t i o n a l  a r e a .  A much more d e t a i l e d  d i s c u s s i o n  of t h e s e  effects 
may be found, f o r  example, i n  r e f e r e n c e  7 .  
3. E f f e c t  of  Cathode Shape 
I n  t h i s  p o r t i o n  of  t h e  program, a t t e m p t s  w e r e  made t o  
o p e r a t e  ca thodes  of geomet r i ca l  c o n f i g u r a t i o n s  o t h e r  t han  t h e  
cone-cyl inder  c o n f i g u r a t i o n s  d i scussed  above, Two o t h e r  con- 
f i g u r a t i o n s  w e r e  examined. The f irst  of these--a so-ca l led  
"hollow" ca thode  conf igu ra t ion - - i s  shown schemat i ca l ly  i n  














Figure  33: Photograph of H o l l o w  Cathode A f t e r  
Tes t ing ,  500 A ,  3.5 p s i g  
F igure  34: Photograph of Eollow Cathode A f t e r  
T e s t i n g ,  500A, 15 p s i g  
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Figure  35: Photograph of H o l l o w  Cathode A f t e r  
Tes t ing ,  5 0 0 A ,  3Opsig 
-45- 
such ca thodes  a f t e r  30 minutes  of ope ra t ion  a t  a c u r r e n t  l e v e l  
of  500 amperes and a t  p r e s s u r e s  of  3.5, 15 and 30 p s i g ,  i* 
r e s p e c t i v e l y .  N o  equ i l ib r ium s i t u a t i o n  e x i s t e d  a t  t h e  end of  
any of t h e  30 minutes  tests of "hollow" cathodes.  
F igu re  36 shows a schematic  of a "but ton"  cathode,  
and f i g u r e  37 i s  a photograph of such a cathode p r i o r  t o  t e s t -  
ing .  A l l  a t t e m p t s  t o  o p e r a t e  such cathodes w e r e  unsuccessfu l .  
There w a s  ev iden t  a cont inuous e ros ion  p rocess  throughout t h e  
t e s t  pe r iod ,  wi th  t h e  a r c  a t tachment  wandering over  t h e  e n t i r e  
c i rcumference of t h e  tungs ten  t o  copper j o i n t ,  
C. TEST RESULTS--FALL VOLTAGE 
For each cathode m a t e r i a l  t h e  h e a t  power removed by t h e  
cathode c o o l i n g  water  has  been measured. The r a t i o  of t h i s  
h e a t  power t o  t h e  a r c  c u r r e n t  i s  a measure of t h e  cathode f a l l  
v o l t a g e  and depends upon t h e  s p e c i f i c  t e s t  gas  used, t h e  
ambient gas pressure, and t h e  cathode m a t e r i a l ,  a s  w e l l .  The 
e f f e c t i v e  cathode f a l l  v o l t a g e ,  def ined  a s  t h e  removed h e a t  
power d iv ided  by t h e  a r c  c u r r e n t ,  has  been determined f o r  each 
cathode tes t  performed. 
F igu re  38 p r e s e n t s  t h e  e f f e c t i v e  cathode f a l l  v o l t a g e  a s  
a func t ion  of chamber pressure f o r  t h e  %-inch tho r i a t ed - tungs ten  
cathodes opera ted  i n  100 t o  500 ampere c u r r e n t  range. The 
f i l l e d  symbols on t h e  f i g u r e  r e p r e s e n t  t h e  maximum p r e s s u r e  of 
cathode o p e r a t i o n  f o r  each c u r r e n t  l e v e l .  Higher p r e s s u r e  
l e v e l  d a t a  p o i n t s  w e r e  ob ta ined  du r ing  c a t a s t r o p h i c  e r o s i o n  
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With t h e  p o s s i b l e  excep t ions  of one 250 ampere test  and 
t h e  150 ampere tes t ,  a l l  t h e  d a t a  obta ined  may be f a i r l y  
w e l l  r ep resen ted  bv a s i n g l e  curve ,  wi th  t h e  e f f e c t i v e  f a l l  
v o l t a g e  i n c r e a s i n g  i n  roughly l i n e a r  f a sh ion  w i t h  i n c r e a s i n g  
chamber p r e s s u r e .  For no test  d i d  t h e  e f f e c t i v e  f a l l  v o l t a g e  
rise much above 9 v o l t s ,  
F igu re  39 shows s i m i l a r  d a t a  accumulated wi th  barium 
oxided-cathodes.  For t h i s  m a t e r i a l ,  a l s o ,  t h e  d a t a  p o i n t s  f a l l  
roughly upon a s i n g l e  curve w i t h  t h e  same g e n e r a l  behavior  a s  
t h e  curve  f o r  t h e  tho r i a t ed -ca thodes ,  F igu re  40 p r e s e n t s  t h e  
d a t a  accumulated w i t h  barium calcium aluminated-cathodes,  
With t h e  except ion  of t h e  d a t a  f o r  t h e  225 ampere t e s t ,  t h e  
prev ious  remarks a r e  e q u a l l y  v a l i d .  
I n  o r d e r  t o  compare t h e  e f f e c t i v e  cathode f a l l  v o l t a g e s  f o r  
t h e  three m a t e r i a l s  w i th  t h e i r  performance c h a r a c t e r i s t i c s ,  
graphs of f a l l  v o l t a g e  v e r s u s  chamber p r e s s u r e  have been 
p l o t t e d  f o r  s e v e r a l  a r c  c u r r e n t s .  F igu res  41r  42, 43 and 44 
show t h e  e f f e c t i v e  f a l l  v o l t a g e s  f o r  t h e  three m a t e r i a l s  a t  
a r c  c u r r e n t s  of 200, 250, 300 and 400 amperes, r e s p e c t i v e l y .  
A t  200 amperes a r c  c u r r e n t ,  bo th  t h e  barium oxided- and barium 
calcium aluminated-cathodes showd a p p r e c i a b l y  s u p e r i o r  p e r f o r -  
mance c h a r a c t e r i s t i c s  t han  t h e  tho r i a t ed -ca thodes  (see f i g u r e  
259, It i s  ev iden t  from f i g u r e  41 t h a t  f o r  t h e  same a r c  c u r -  
r e n t ,  t h e  cathode f a l l  v o l t a g e  was, a t  a l l  p r e s s u r e s ,  h i g h e r  
f o r  t h e  tho r i a t ed -ca thodes  than  f o r  ca thodes  of  t h e  o t h e r  two 
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A t  t h e  400 ampere c u r r e n t  l e v e l ,  t h e  f a l l  v o l t a g e  f o r  barium 
calcium aluminated-cathodes was cons ide rab ly  lower than  f o r  
t h e  q t h e r  two m a t e r i a l s  (see f i g u r e  44 ) .  A comparison wi th  
f i g u r e  2 5  shows t h e  r e l a t i v e  performance a t  t h a t  c u r r e n t  
t o  be b e t t e r ,  a s  w e l l .  
For each a r c  c u r r e n t ,  t h e  barium calcium aluminated-  
t ungs t en  ca thodes  opera ted  a t  lower e f f e c t i v e  f a l l  v o l t a g e s ,  
t h a t  is ,  less h e a t  power had t o  be removed by t h e  c o o l i n g  
water .  N o  c l e a r l y  d i scon t inuous  o r  s h a r p  i n c r e a s e s  i n  e f f e c -  
t i v e  f a l l  v o l t a g e s  a r e  appa ren t  i n  t h e  immediate v i c i n i t y  of 
t h e  c r i t i c a l  p r e s s u r e .  There  a r e  a l s o  no s p e c i f i c  f a l l  v o l t a g e  
l i m i t s  upon e q u i l i b r i u m  cathode o p e r a t i o n .  I n  f i g u r e  38, f o r  
example, t h e  spread i n  c r i t i c a l  p r e s s u r e  f a l l  v o l t a g e s  ( f i l l e d  
symbols) may be seen  t o  be a s  l a r g e  as  t h e  range of o p e r a t i n g  
v a l u e s ,  themselves .  
A comparison of t h e  e f f e c t i v e  f a l l  v o l t a g e s  f o r  t h e  d i f f e r -  
e n t  d iameter  t ho r i a t ed -ca thodes  has  been made, a s  w e l l .  F igu res  
45, 46 and 47 p r e s e n t  p l o t s  of e f f e c t i v e  f a l l  v o l t a g e  a s  a 
f u n c t i o n  of chamber p r e s s u r e  f o r  a r c  c u r r e n t s  of 100,  200 and 
300 amperes, r e s p e c t i v e l y .  A t  each a r c  c u r r e n t ,  t h e  e f f e c t i v e  
f a l l  v o l t a g e  rises slowly wi th  p r e s s u r e  f o r  each cathode 
d i ame te r ,  b u t  no ou t s t and ing  dependence upon cathode d iameter  
i s  observed. 
D. SUMMARY O F  RESULTS 
The most s i g n i f i c a n t  r e s u l t s  ob ta ined  u n d e r  t h e  program a r e  
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1. Barium Calcium Aluminate i s  a n  e s p e c i a l l y  a t t r a c t i v e  
a d d i t i v e  t o  tungs t en  f o r  u s e  a s  a cathode m a t e r i a l .  Cathode 
performance is  g r e a t l y  enhanced a t  a l l  c u r r e n t  and p r e s s u r e  
l e v e l s  of a r c  o p e r a t i o n  u t i l i z e d  f o r  t h i s  program. It is  
g r e a t l y  s u p e r i o r  i n  performance t o  e i ther  thorium oxide  o r  
barium oxide .  The only  d isadvantage  t o  i t s  g e n e r a l  u s e  i s  
t h e  h igh  c o s t  r equ i r ed  f o r  t h e  f a b r i c a t i o n  of t h e  impregnated 
m a t e r i a l .  Its c o s t  p e r  cathode is  of t h e  o r d e r  of 3 o r  4 
t i m e s  t h e  c o s t  f o r  t ho r i a t ed -ca thodes ,  
2.  A t  c u r r e n t  and p r e s s u r e  l e v e l s  w i t h i n  t h e  range of 
100 t o  500 amperes and 1 t o  20 atmospheres of n i t r o g e n ,  and 
f o r  t h e  f i x e d  cone-cyl inder  geometry tes ted ,  t h e  u s e  of 
l a r g e r  d i ame te r s  does no t  always improve t h e  performance charac-  
t e r i s t i c s  of ca thodes .  The optimum performance c h a r a c t e r i s t i c s  
w e r e  ob ta ined  f o r  l /2- inch d iameter  ca thodes .  
3. S e v e r a l  s m a l l e r  d iameter  ca thodes  opera ted  i n  p a r a l l e l  
show a g r e a t e r  c u r r e n t - c a r r y i n g  c a p a c i t y  than  a s i n g l e  cathode 
of t h e  same c r o s s - s e c t i o n a l  a r e a ,  For example, a t  a p r e s s u r e  
l e v e l  of 5 atmospheres,  f o u r  1/4-inch tho r i a t ed -ca thodes  can 
be ope ra t ed ,  each c a r r y i n g  100 amperes, f o r  a t o t a l  of 400 
amperes. A s i n g l e  1/2-inch t h o r i a t e d  cathode could c a r r y  
only  200 amperes under t h e  same c o n d i t i o n s  (see f i g u r e  25,  f o r  
example) ,  The c r o s s - s e c t i o n a l  cathode a r e a  f o r  t h e  two s i t u -  
a t i o n s  i s  t h e  same. 
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IV CONCLUSIONS 
Electrode phenomena i n  electric a r c s  have been s t u d i e d  
expe r imen ta l ly  and t h e o r e t i c a l l y  by a number o f  . i n v e s t i g a t o r s .  
The l i t e r a t u r e  on ca thode  f a l l  v o l t a g e s ,  c u r r e n t  d e n s i t i e s ,  and 
o p e r a t i n g  mechanisms i s  voluminous. Never the less ,  t h e  des ign  
of  cathodes has  been carried o u t  almost e n t i r e l y  on an  
e m p i r i c a l  b a s i s  because no v e r i f i e d ,  q u a n t i t a t i v e  theo ry  
capable  of  performance p r e d i c t i o n s  of a cathode of  given 
p r o p e r t i e s  and geometry o p e r a t i n g  a t  a g iven  c u r r e n t  and 
p r e s s u r e  i n  a given g a s  has  existed,  
S e v e r a l  t ypes  of a r c  ca thodes  have been i n v e s t i g a t e d  
exper imenta l ly ,  (See, f o r  example, r e f e r e n c e s  1-7) Much 
more work of a t h e o r e t i c a l  n a t u r e  has  been done, and a complete 
l i s t i n g  of t h e  a v a i l a b l e  l i t e r a t u r e  would  be an u n r e a l i s t i c  
p r o j e c t .  However, r e f e r e n c e s  7-29 may be u s e d  a s  a b a s i c  
b ib l iog raphy  of t h e  w o r k  done. 
The p r e s e n t  i n v e s t i g a t i o n  has  been almost  e n t i r e l y  expe r i -  
mental  i n  n a t u r e  and has  been d i r e c t e d  towards provid ing  a 
u s e f u l  basis fo r  r a t i o n a l  des ign  procedures  fo r  u s e  a t  t h e  
h i g h e r  c u r r e n t s  and p r e s s u r e s  encountered i n  high-energy wind 
t u n n e l s  f o r  s imula t ion  of  a tmospheric  r e e n t r y ,  The e f f o r t  
has  been f r u i t f u l  i n  provid ing  informat ion  concerning t h e  
effects of d i f f e r e n t  l o w  work-function a d d i t i v e s  f o r  ca thodes ,  
I n  p a r t i c u l a r ,  t h e  u s e  of b a r i u m  calcium a luminate  is  h i g h l y  
recommended i f  c o s t  i s  n o t  a p r o h i b i t i v e  f a c t o r  i n  t h e  m a t e r i a l  




The r e s u l t s  ob ta ined  have shown t h a t ,  f o r  a f i x e d  geometri-  
c a l  c o n f i g u r a t i o n ,  t h e r e  i s  a p p a r e n t l y  an optimum s i z e  cathode 
d i ame te r  f o r  ach iev ing  good cathode performance c h a r a c t e r i s t i c s ,  
It i s  recommended t h a t  f u t u r e  exper imenta l  r e s e a r c h  a r e a s  
should inc lude  t h e  de t e rmina t ion  of t h e  optimum cathode t i p  
included a n g l e s  and l e n g t h s  f o r  v a r i o u s  cathode d i ame te r s ,  
Such informat ion  would permi t  t h e  des ign  of high c u r r e n t  and 
high p r e s s u r e  ca thodes  t o  proceed i n  a more r a t i o n a l  f a s h i o n  
than  t h e  p r e s e n t  e m p i r i c a l  method allows., 
-63-  
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